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Systematics of chemical freeze-out parameters in heavy-ion collision experiments
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We discuss systematic uncertainties in the chemical freeze-out parameters from the χ2 analysis of
hadron multiplicity ratios in the heavy-ion collision experiments. The systematics due to the choice
of specific hadron ratios are found to lie within the experimental uncertainties. The variations
obtained by removing the usual constraints on the conserved charges show similar behavior. The
net charge to net baryon ratios in such unconstrained systems are commensurate with the expected
value obtained from the protons and neutrons of the colliding nuclei up to the center of mass energies
∼ 40 GeV. Beyond that the uncertainties in this ratio gradually increases, possibly indicating the
reduction in baryon stopping.
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I. INTRODUCTION
Experimental data from the relativistic heavy-ion col-
lisions indicate that a considerable fraction of energies of
the colliding nuclei are deposited in the region of inter-
action to form a hot and dense fireball. The resulting
system may thermalize rapidly to form the exotic state
of thermally equilibrated quark gluon matter [1–3]. Pres-
sure gradients from the central to the peripheral region of
the system would lead to expansion and cooling. There-
after the system would most likely make a transition from
the partonic phase to the hadronic phase in thermal and
chemical equilibrium [4, 5]. With further expansion, and
increase in inter-particle separation, the chemical com-
position of the hadrons would freeze out. The character-
istics of the freeze-out surface depends on the nature of
interaction or scattering [6].
Several statistical models of hadronic system has been
formulated in last few years, based on the seminal work
by Fermi [7], followed by Pomeranchuk [8] and Lan-
dau [9, 10] in subsequent years. Hagedorn recognized
that the existence of numerous hadronic resonances is
a characterization of hadron’s strong interactions [4].
These simple statistical approaches are successful with
surprising accuracy in explaining the yield of experimen-
tally observed hadrons produced in collisions of elemen-
tary particles and as well as heavy-ions [6, 11–46]. The
underlying consideration in these analyses are that, even
when the hadronic interactions cease at some point of
evolution of the fireball, the hadrons populate the phase
space according to statistical distribution [21].
Assuming the chemical equilibration of the full
∗ response2sumana@jcbose.ac.in
† deeptak@jcbose.ac.in
‡ sanjay@jcbose.ac.in
§ rajarshi@jcbose.ac.in
¶ pracheta@jcbose.ac.in
hadronic spectra, the thermodynamic freeze-out param-
eters are obtained from the statistical model calcula-
tions by performing a χ2 fit with the available experi-
mental multiplicity data [25–27, 30, 47–53]. One of the
most important issues has been the discussions of re-
sulting enhancement of multi-strange hadrons [54], as
well as the saturation of strangeness [2]. However possi-
ble scenarios of departure of strangeness chemical equi-
librium introduced through an additional parameter −
the strangeness suppression factor γs, have been dis-
cussed [3, 20, 24, 25, 27, 52, 55]. More recently the
possibility of mass dependent or flavor dependent freeze-
out pictures have emerged (see e.g. [48, 53]). The
studies in this direction has reached the state-of-the-
art with several sophisticated codes like THERMUS [56],
SHARE [57], THERMINATOR [58] publicly available for
studying the freeze-out characteristics.
Here we revisit the analysis of the chemical freeze-out
parameters from the χ2 fit of experimental multiplic-
ity data ratios using the Hadron Resonance Gas (HRG)
model for a different purpose. It has been generally found
that equilibration parameters are biased to the chosen
particle ratios. For example in Ref. [25] a particular set
of independent hadron ratios are used with minimum rep-
etition of any given hadronic species to reduce system-
atic bias. We shall instead consider a variety of possible
sets of hadron yield ratios to obtain the variations of the
estimated freeze-out parameters, and the resulting vari-
ations in the predicted yield ratios. This would give us
a quantitative estimate of the systematic uncertainty in
the analysis method due to the choice of the hadron yield
ratios.
Another possible source of systematic uncertainty is
the choice of constraints to be satisfied by the system.
The most popular choice is to consider a fixed ratio
of net electric charge to net baryon number depending
on the colliding nuclei, along with the setting of net
strangeness to be zero. Usually the available hadronic
yield data is obtained within a limited central rapidity
2bin. Though the constraints should definitely be satis-
fied globally, there is no imperative reasons to enforce
these conditions in a given rapidity bin. For example, at
very high center of mass energy of collisions (
√
s) one ex-
pects baryon stopping in the central rapidity region to be
negligible. The system may simply be composed of the
secondary particles produced, and would have both the
net charge and net baryon number to vanish. It is there-
fore natural to study the system without considering any
constraints at all. Here we shall perform this analysis
and check the conditions on the net charges when the
constraints are not used.
The paper is organized as follows. A brief description
of HRG model is given in section II. In section III − VI
we have described our model and its results followed by
discussion. Our conclusions are presented in section VII.
II. HADRON RESONANCE GAS MODEL
For strong interactions, chemical equilibrium means
the equilibration of the conserved charges baryon num-
ber (B), electric charge (Q) and strangeness (S). Thus,
the equilibrium thermodynamic parameters are the tem-
perature T and the three chemical potentials µB, µQ and
µS , corresponding to the three conserved charges respec-
tively. At chemical freeze-out, the HRG model may pro-
vide a good description of the system in thermodynamic
equilibrium [14, 15, 17–19, 24–26]. The partition func-
tion of HRG in the grand canonical ensemble is given
as,
lnZideal =
∑
i
lnZideali , (1)
where sum runs over all the hadrons and resonances.
Here thermodynamic potential for i’th species is given
as,
lnZideali = ±
V gi
(2pi)3
∫
d3p ln[1±exp(−(Ei−µi)/T )], (2)
where the upper sign is for fermions and lower is for
bosons, and V is the volume of the system. Here gi,
Ei and mi are respectively the degeneracy factor, energy
and mass of ith hadron. The chemical potential of the
ith hadron may be expressed as, µi = BiµB + SiµS +
QiµQ, with Bi, Si and Qi denoting its baryon number,
strangeness and electric charge.
III. APPLICATION TO FREEZE-OUT
From the partition function, the number density ni is
obtained as,
ni =
T
V
(
∂ lnZi
∂µi
)
V,T
=
gi
(2pi)
3
∫
d3p
exp[(Ei − µi)/T ]± 1
.
(3)
One may relate this number density for the i’th detected
hadron to the corresponding rapidity density as [27],
dNi
dy
∣∣∣∣∣
Det
≃ dV
dy
nToti
∣∣∣∣∣
Det
(4)
where the subscript Det denotes the detected hadrons.
Here,
nToti = ni(T, µB, µQ, µS) +∑
j nj(T, µB, µQ, µS)×Branch Ratio(j → i) (5)
where the summation is over the unstable resonances j
that decay to the ith hadron. To remove systematics
due to the volume factor the ratios of yields are usually
employed. Thus, the expected equations to be satisfied
are,
Rexpα =
dNi
dY
dNj
dY
≃ ni(T, µB, µQ, µS)
nj(T, µB, µQ, µS)
= Rthermα (6)
where, Rexpα is the ratio of hadron yields obtained from
experiments and Rthermα is the ratio of the number den-
sities from the model calculations. However individual
hadron numbers are not conserved in strong interactions.
Rather an equilibrium of the hadrons in terms of the con-
served charges B, Q and S are sought. Therefore a χ2
fitting is performed with as many such ratios as permis-
sible.
It is a common approach to first fix two of the pa-
rameters, say, µQ and µS using the constraint relations
[47],
∑
i ni(T, µB, µS , µQ)Qi∑
i ni(T, µB, µS , µQ)Bi
= constant, (7)
and ∑
i
ni(T, µB, µS , µQ)Si = 0. (8)
The value of the ratio of net baryon number to net charge
depends on the physical system. For example, in Au +
Au collisions, constant = Np/(Np +Nn) ≃ 0.4, with Np
and Nn denoting the number of protons and neutrons
in the colliding nuclei. The problem is now reduced to
obtaining the best fit value of the other two parameters
by minimizing the χ2, which is defined as,
χ2 =
∑
α
(Rexpα −Rthermα )2
(σexpα )2
, (9)
3Here σexpα is the experimental uncertainty in the ratio
Rexpα . This kind of a setup, and its various improved ver-
sions in terms of the modifications of the HRG model, has
successfully described hadron yields from AGS to LHC
energies [14–21, 24–28, 47, 48, 50–53, 59].
IV. SYSTEMATIC UNCERTAINTIES
There are many possible sources of systematic uncer-
tainties that enter in the analysis. The systematic un-
certainties in the experimental data are expected to be
reduced when considering the ratios of hadron yields. For
example, in Ref. [25, 55] more particle-antiparticle ratios
are used than the cross ratios, as they may achieve some
cancellation of the inherent systematic errors of experi-
mental measurements.
A. Systematics due to choice of hadron ratios
However the use of the hadron ratios introduces further
systematics into the picture. Therefore different authors
consider different criteria for choosing the set of hadron
ratios. For example Ref. [25] claimed that whenever a
given experimental yield is used several times in the ra-
tios there may be some correlation uncertainties in par-
ticle ratios. An estimate of such uncertainties was found
to be less than 5 percent Ref. [55]. On the other hand,
choosing all possible hadron yield ratios do not serve the
purpose either, as there will be relevant correlations be-
tween different ratios [25, 60]. The alternate possibility
is to choose (N − 1) number of statistically independent
ratios of N hadron yields. But it has been argued that
this procedure may lead to the information loss [27, 60].
Here we propose to quantify the systematic uncer-
tainty due to the consideration of different sets of sta-
tistically independent hadron yield ratios. With the
N experimentally measured hadron yields one can form
NC2 = N(N − 1)/2 yield ratios (interchanging numera-
tor and denominator does not give any new information).
Any (N − 1) of these ratios are statistically independent
as long as each of the N hadron yields appear at least
once. For example, if there are three hadrons pi+, pi−
and p, there are in all 3C2 = 3 possible ratios that can be
formed. Out of these 3 ratios only (3 − 1) = 2 are inde-
pendent, because the third ratio can always be written as
a combination of the 2 independent ratios. However any
2 of these three ratios can be chosen to be independent,
and there are 3 different ways to choose them. For higher
number of hadrons, all the sets of (N −1) ratios may not
necessarily be independent. Still the number of inde-
pendent sets would grow very large with the increase in
number of hadron yields. In general, for N given hadron
yields there are N(N − 1)/2 possible ratios, from which
(N − 1) ratios may be chosen in N(N−1)/2CN−1 ways.
One can obtain the freeze-out parameters for each of
these sets of independent ratios. The variation of the
parameters with the choice of these different sets would
then be an useful measure of the concerned systematic
uncertainty.
For the constrained system, we shall use Eq. 7 and
Eq. 8 for fixing µB and µS , and fit T and µQ from the
minimizing conditions on χ2 given as,
∂χ2
∂T
= 0, (10)
∂χ2
∂µQ
= 0 (11)
We shall perform the χ2 analysis for each of the chosen
sets of ratios and obtain the variation of the resulting
freeze-out parameters. Finally we shall obtain the corre-
sponding variations of the predicted hadron yield ratios.
B. Relaxing the net charge constraints
The other possible systematics is the use of the con-
straint equations Eq. 7 and Eq. 8 respectively. The con-
straints essentially ensure that the overall net baryon to
net charge ratio as well as the vanishing of net strangeness
is preserved even locally for the small rapidity window of
the experimental data. However such restrictions are not
governed by any physical laws. In fact for very large
√
s,
say for LHC energies, baryon stopping is expected to be
negligible. In that case both net baryon number and net
charge may vanish and their ratio may be indeterminate.
Therefore one can try to obtain the freeze-out parame-
ters by varying the constraints. For example in Ref. [55]
variations in the systematics were obtained by choosing
several conditions like (i) µQ = 0, (ii) µQ constrained by
net baryon to net charge ratio, and (iii) µQ constrained
to that ratio along with vanishing net strangeness. Simi-
larly there has been studies [61] that discuss possibilities
of net strangeness being non-zero in these regions. The
most drastic change would be to remove the constraints
altogether, which we shall try here. The thermodynamic
parameters will be obtained from the four χ2 minimiza-
tion equations,
∂χ2
∂T
= 0, (12)
∂χ2
∂µx
= 0, where, x = B,Q, S. (13)
Here also we shall study the systematics due to the choice
of hadron yield ratios as discussed in the last subsection.
Further it would be interesting to study the systemat-
ics of the net baryon to net charge ratio and the net
strangeness with varying
√
s.
4V. DATA ANALYSIS
We have used AGS [62–70], SPS [71–80], RHIC [81–
96] and LHC [97–100] data for our analysis. The data
for STAR BES is obtained from Ref [48, 55, 101]. The
data at mid-rapidity for the most central collisions are
considered. All hadrons with mass up to 2 GeV are in-
cluded for the HRG spectrum. The masses and branching
ratios used are as given in [56, 102]. Experimental yields
are available for only a few hadrons at various collision
energies. Also the data for all the hadronic yields at one
collision energy may not be available in another. For ex-
ample, the LHC data set does not have the Λ¯, and we
assumed it to be same as that reported for Λ. Similarly,
we did not use Ω data for any parametrization, as the in-
dividual yields of Ω+ and Ω− are not available for most
of the
√
s. Data for φ (1019.46 MeV) was not used in the
fitting as it is already included in the analysis through
its strong decay channel to kaon. So the yields of the
hadrons used to obtain the freeze-out parameters are,
pi± (139.57 MeV), k± (493.68 MeV), p,p¯ (938.27 MeV),
Λ,Λ¯ (1115.68 MeV), Ξ∓ (1321.71 MeV). For the AGS at√
s = 4.85 GeV, Ξ data was not available. For the lower
AGS energies we used pi±, k±, p and Λ data.
Set 1 pi
−
pi+
, k
+
pi+
, k
−
pi+
, p
pi+
, p¯
pi+
, Λ
pi+
, Λ¯
pi+
, Ξ
−
pi+
, Ξ
+
pi+
Set 2 pi
−
pi+
, k
+
pi−
, k
−
pi−
, p
pi−
, p¯
pi−
, Λ
pi−
, Λ¯
pi−
, Ξ
−
pi−
, Ξ
+
pi−
Set 3 pi
−
pi+
, k
+
pi−
, k
−
k+
, p
k+
, p¯
k+
, Λ
k+
, Λ¯
k+
, Ξ
−
k+
, Ξ
+
k+
Set 4 pi
−
pi+
, k
+
pi−
, k
−
k+
, p
k−
, p¯
k−
, Λ
k−
, Λ¯
k−
, Ξ
−
k−
, Ξ
+
k−
Set 5 pi
−
pi+
, k
+
pi−
, k
−
k+
, p
k−
, p¯
p
, Λ
p
, Λ¯
p
, Ξ
−
p
, Ξ
+
p
Set 6 pi
−
pi+
, k
+
pi−
, k
−
k+
, p
k−
, p¯
p
, Λ
p¯
, Λ¯
p¯
, Ξ
−
p¯
, Ξ
+
p¯
Set 7 pi
−
pi+
, k
+
pi−
, k
−
k+
, p
k−
, p¯
p
, Λ
p¯
, Λ¯
Λ
, Ξ
−
Λ
, Ξ
+
Λ
Set 8 pi
−
pi+
, k
+
pi−
, k
−
k+
, p
k−
, p¯
p
, Λ
p¯
, Λ¯
Λ
, Ξ
−
Λ¯
, Ξ
+
Λ¯
Set 9 pi
−
pi+
, k
+
pi−
, k
−
k+
, p
k−
, p¯
p
, Λ
p¯
, Λ¯
Λ
, Ξ
−
Λ¯
, Ξ
+
Ξ−
TABLE I. Set of sets of hadron yield ratios for AGS (
√
s =
4.85 GeV), SPS, RHIC and LHC data.
For the ten hadron yields in SPS, RHIC, and LHC
data, one can construct a set of nine independent ratios
as discussed earlier. The ratios in each set will be inde-
pendent if each of the ten hadron yields appear at least
once in the nine ratios. Therefore not all choices of nine
ratios will contain independent ratios. There is a huge
multiplicity of such suitable sets. We selected a sample
of only nine such sets as given in table I, to make an
estimate of the systematic uncertainty due to the choice
of sets. These sets were chosen such that each of the
10C2 = 45 ratios appear in at least one set. However
some of the ratios like pi−/pi+ appear in all of them and
some others appear less. Even some of the ratios like
k+/pi+ and Ξ+/Ξ− appear only once.
Set 1 pi
−
pi+
, k
+
pi+
, k
−
pi+
, p
pi+
Λ
pi+
Set 2 pi
−
pi+
, k
+
pi−
, k
−
pi−
, p
pi−
, Λ
pi−
Set 3 k
−
pi+
, k
−
pi−
, k
−
k+
, p
k−
, Λ
k−
Set 4 p
pi+
, p
pi−
, p
k+
, p
k−
, Λ
p
Set 5 Λ
pi+
, Λ
pi−
, Λ
k+
, Λ
k−
, Λ
p
TABLE II. Set of sets of hadron yield ratios for lower AGS
energies
For the eight hadron yields for the AGS data at
√
s =
4.85 GeV we have used the seven yield ratios excluding
those involving Ξ, from the sets 1-7 of table I. For the
six hadron yields for the lower AGS energies, we used the
set of ratios given in table II.
We shall extract freeze-out parameters for each of the
given sets. The variation of the parameters from these
sets will be our estimate for the systematic uncertainties.
The central values would be obtained from the weighted
mean. Investigating the effects of choosing few more such
sets may be attempted in future, but we note that the ac-
tual number of all such independent sets is prohibitively
large.
All these considerations will remain same when we
study the freeze-out characteristics by removing the con-
straints on the net charges. Our numerical code solves
the equations Eq. [7 − 11] for the case including the
constraints, and the equations Eq. [12− 13] for the case
without the constraints using the Broyden’s method with
a convergence criteria of 10−6 or better.
VI. RESULTS AND DISCUSSIONS
A. Freeze-out Parameters
The variation of the extracted freeze-out parameters
with the center of mass energy
√
s is presented in Fig. 1.
The error bars indicate the variations of the parame-
ters obtained from the different sets of hadron yield ra-
tios. Results including the constraints on net charges
and those for the unconstrained systems are shown sep-
arately. We find that the extracted parameters in both
the schemes are in reasonable agreement with each other.
For comparison, the freeze-out parameters in some of the
recent literature are also plotted. In general our fitted
parameters are commensurate with those reported in lit-
erature with the various forms of the HRG model and
also the various choices of the computation technique.
For example Ref. [20, 24, 25, 27, 52, 55] have consid-
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FIG. 1. Variation of T , µB , µQ, µS with
√
s. We have com-
pared our freeze-out parameters with Andronic et. al [25],
Becattini et. al [24], STAR BES [55].
ered a strangeness suppression factor. For small value
of µQ, it is considered to be zero in Ref. [55]. In an-
other work, the fireball volume was used as a parameter
in Ref. [25, 26, 30, 48]. Interestingly the error bars con-
sidered in the literature, which are obtained by varying
the χ2 by a small amount, agree well with the systematic
variations obtained by us.
In Fig. 1a, the freeze-out temperatures T are shown.
The temperature rises with increasing
√
s and approaches
a saturation [4], except at the LHC energy where the
temperature is lower [100, 103].
The freeze-out chemical potentials µB, µQ and µS , as
functions of
√
s, are shown in Fig. 1b. The baryon chem-
ical potential is supposed to be larger for lower
√
s due
to baryon stopping. This is also why a non-zero charge
chemical potential arise due to the net isospin of the col-
liding nuclei. On the other hand a non-zero strangeness
chemical potential requires different explanation as there
is no net strangeness in the colliding nuclei. The non-zero
baryon chemical potential induces production of strange
baryons. This in turn requires a strange chemical poten-
tial, so that enough strange anti-particles are produced to
ensure the vanishing of net strangeness. The appearance
of a non-zero strangeness chemical potential is perhaps
the strongest signal of the chemical equilibrium of the
strongly interacting system during its evolution [104].
One would expect such a picture to hold naturally in
the scheme where the net charge constraints have been
imposed, ensuring the vanishing of net strangeness. How-
ever we find that the strange chemical potential to follow
the same quantitative behavior even when the constraints
are removed. In fact all the freeze-out parameters agree
quite well within the systematics. It appears that the sys-
tem is so close to chemical equilibrium that the inclusion
or exclusion of external constraints become irrelevant.
 0
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FIG. 2. Variation of χ2/NDF with
√
s. We have compared
our χ2/NDF with Andronic et. al [25], Becattini et. al [24],
STAR BES [55]
.
The goodness of the fit can be determined by the re-
duced χ2 i.e. the ratio of χ2 with the number of degrees of
freedom (NDF), which is shown in Fig. 2 as a function of√
s. We show the comparison between our two schemes of
χ2 minimization and also plot the reported results avail-
able in the literature. We find the reduced χ2 in the two
schemes to be generally in agreement with each other.
We reiterate that the variations for each scheme are due
to the various choice of independent sets of hadron yield
ratios. The widest variations observed are for the SPS
data set, and for the lowest AGS data set.
As seen from Fig. 2, our results are in close proximity
to the results already reported in the literature. It is a
general norm to choose a given set of particle ratios so
that the reduced χ2 lie close to 1. However this is not a
necessary condition. The only requirement is that if we
obtain the reduced χ2 for the variety of independent sets
of hadron yield ratios, they should have a χ2 distribution
with the mean value close to the number of degrees of
6freedom. Therefore it should not be considered alarming
if the reduced χ2 value is far from 1. With the few sets
of ratios chosen we find the mean reduced χ2 to be close
to 1 for most of the
√
s. A detailed study with a larger
number of sets will be reported elsewhere.
B. Hadron Yield Ratios
With the fitted freeze-out parameters we now obtain
the various hadron yield ratios and compare them with
the experimental data. Here we shall discuss only some
of the relevant hadron ratios. The variation of pi− to
pi+ ratio with collisional energy is shown in the Fig. 3a.
This ratio depends only on T and µQ. The slight over
abundance of neutrons to that of protons in colliding nu-
clei leads to an isospin asymmetry yielding more pi− over
pi+. Thus the experimental pi− to pi+ yield ratio is greater
than 1 for lower
√
s, eventually approaching 1 at higher
collision energies. The extracted µQ is therefore slightly
negative for small
√
s and tends to zero for the higher√
s. The ratios obtained from our parametrization for
both the schemes follow the same trend throughout the
collisional energy range and reproduced the experimental
data quite well.
In Fig 3b, the extracted ratios p/pi+ and p¯/pi− are
similarly found to agree well with the experimental data.
These ratios are dependent on the interplay between T ,
µB and µQ. At lower
√
s, p > p¯ and gradually approaches
1. On the other hand the pi− is always almost close to
pi+. This leads to the converging trend of the two shown
ratios at higher
√
s.
The same trend is also followed by the k+/pi+ and
k−/pi− ratios as shown in Fig. 3c. Apart from T and
µQ, this ratio depends on µS rather than µB. How-
ever the behavior of the k+/pi+ ratio is reversed for
the lower
√
s, giving rise to a ′horn′ like structure near√
s ≃ 10GeV. This was originally suggested as an observ-
able for strangeness enhancement, a signature of onset of
deconfinement and QGP formation [105–108]. The ex-
planation of this behavior may well be beyond the scope
of the HRG model, but the model predictions agree well
with the experimental data.
Dependence of Λ/p and Ξ−/p ratios on collisional en-
ergy are shown in the Fig. 4a and Fig. 4b, respectively.
The agreement for Λ/p with experimental data is rea-
sonable except for a slight under prediction from model
analysis. Consideration of possible uncertainties in con-
tribution from weak decays may remove this discrep-
ancy [89]. However, the model predictions for Ξ−/p is
found to agree with the experimental data.
Finally in Fig. 5 we plot the variation of some hadron
yield ratios whose experimental data were never used in
our analysis. Specifically we choose the multi-strange
hadrons Ω and φ. Note that though their yields from the
experiments are not used they appear implicitly when we
consider their thermal abundance and their contribution
in the decay chain of the hadrons. Our predictions seems
to be in excellent agreement with experimental data and
the systematic uncertainties for both the χ2 schemes are
within control.
This brings us back to the discussion of the bias in-
duced by the choice of the the set of yield ratios for ob-
taining the freeze-out parameters. As discussed earlier
that various authors used suitable sets of hadron ratios
so that the value of the χ2 is close to 1. We discussed
above that this is not a necessity. Further, our results
show that the estimated systematic uncertainties due to
the choice of different hadron ratio sets are all within
the experimental bounds. Among the sample ratio sets,
while the pi−/pi+ ratio has been used in all the nine sets
considered, the other four ratios have only been used in
one among those sets. Still the predicted values are close
to the experimental data. Obviously this would not have
been possible if the system is very far from the equi-
librium description. However we should note that only
a small subset of all possible sets of independent ratios
were actually used in our study.
In a recent work [109], we proposed an alternate
scheme to the χ2 analysis for studying the freeze-out
characteristics. The basis of that work was to argue that
one should use the quantities associated with various con-
served charges of strong interactions to obtain the freeze-
out parameters. But sufficiently close to equilibrium ei-
ther of these approaches would produce commensurate
results. Our present results with the considered system-
atics are found to be quantitatively in agreement with
that alternate prescription.
C. Effects of removing the net charge constraints
We finally discuss the predicted behavior of the net
charges for the unconstrained system. In Fig. 6, we show
the variation of NetQ/NetB as well as the NetS as a
function of
√
s. We find that the NetS remains consis-
tent with zero for the full range of collision energy even
without any constraint being put in. It seems that for
chemical equilibration, the system is essentially guided
by the strangeness sector both in terms of the strange
chemical potential as well as the net strangeness. At the
same time the NetQ/NetB is also consistent with the
expected value of 0.4 up to
√
s = 39 GeV. Thus even
without any constraint the system seems to obey the re-
lations. If the constraints should hold in the central ra-
pidity region when baryon stopping is significant, then
possibly beyond
√
s ∼ 40 GeV, baryon stopping is no
longer favorable.
For higher
√
s the central value of NetQ/NetB seems to
decrease, along with a larger systematic uncertainty that
increases with increasing
√
s. The individual NetQ and
NetB are unconstrained inside the central rapidity region
so long as these charges are conserved globally. So there
can be possible uncertainties in their ratios depending on
the chosen set of hadron yield ratios. Also for very large
collision energies both of these charges should approach
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zero. This would imply that the ratio could fluctuate
depending on which of the two charges are estimated to
vanish with respect to the other charge. The systematic
uncertainty is therefore found to increase with
√
s and
becomes maximum at the LHC energy.
VII. SUMMARY AND CONCLUSION
Most of the existing literature employ the χ2 analy-
sis as the method of choice for extracting the chemical
freeze-out parameters from the available hadron yields.
The usual practice is to choose a suitable set of hadron
ratios such that the χ2 is minimized with respect to the
freeze-out parameters close to the value of χ2/NDF = 1.
To quantify the sensitivity of such a bias, we performed
the χ2 analysis with various sets of hadron yield ra-
tios. We find that the variation of the extracted chem-
ical freeze-out parameters are very much under control,
as the resulting systematic uncertainties for the hadron
yield ratios lie within close proximity to the experimental
bounds.
Moreover in the standard χ2 scheme there are two com-
mon assumptions. The first one is that of a fixed net
charge to net baryon number ratio depending on the col-
liding nuclei, and the other is that of strangeness neutral-
ity. Although these should indeed be true for the whole
phase space of a given collision event, they may not neces-
sarily hold for the central rapidity bin. Here we studied a
parallel framework where these conventional constraints
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are removed. Even in this case the systematics of the
hadron yield ratios seems to completely overlap with the
system including the constraints.
For the thermodynamic equilibration of the hadrons
emerging from the heavy-ion collision experiments there
could be many possibilities. For example, there could
be the equilibration of different species of hadrons sep-
arately, or there could be the equilibration of groups
of certain hadrons. The most interesting possibility is
the equilibration of all the hadrons simultaneously under
the umbrella of the conserved charges of strong interac-
tions. The main intention of our present work was to find
out the extent of such an equilibration achieved in the
heavy-ion collision experiments. If the systematics stud-
ied here resulted in too large variations one would have
to conclude that the holistic equilibration picture does
not hold. However our results seem to indicate that for
the full HRG spectrum chemical equilibration in terms
of the conserved charges of strong interactions has been
achieved to a very high degree for a wide range of
√
s in
the heavy-ion collisions.
Another outcome of our study is the variation of the
NetQ/NetB ratio and net strangeness with
√
s for the
scheme without constraints. Surprisingly we find the
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FIG. 6. Variation of NetQ/NetB and NetS with
√
s
strangeness neutrality to be still valid in the full range of√
s. This could only be achieved by an intricate adjust-
ment of the strangeness chemical potential with respect
to its counterparts for the other conserved charges. This
reaffirms that all the three conserved charges work in uni-
son to bring about the equilibration of hadronic matter
in heavy-ion collisions.
We find the NetQ/NetB to remain at its intended value
up to
√
s ∼ 40 GeV, and thereafter generally decrease
with
√
s with growing uncertainties. This could be an
indicator of the range of collision energies beyond which
baryon stopping is reduced.
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